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A LIS1/NUDEL/Cytoplasmic Dynein Heavy
Chain Complex in the Developing
and Adult Nervous System
the Reelin pathway (Rice and Curran, 1999). The down-
stream targets of the Reelin pathway or Cdk5/p35 that
regulate neuronal migration are currently unknown.
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syndrome (MDS). ILS is a developmental disorder mani-Fukushima 961-8061
fested by a smooth cerebral surface and disorganizedJapan
cortical layers, while MDS consists of generally more†Departments of Pediatrics and Medicine
severe lissencephaly and craniofacial dysmorphismsUniversity of California, San Diego, Cancer Center
(Dobyns et al., 1993). In mammals, the gene responsibleUniversity of California, San Diego,
for ILS, LIS1 (Reiner et al., 1993), is a noncatalytic subunitSchool of Medicine
of platelet-activating factor acethylhydrolase (PAFAH)9500 Gilman Drive
isoform 1b, an inactivating enzyme for platelet-acti-La Jolla, California 92093
vating factor, so the formal gene name for LIS1 is
PAFAH1B1. Mice with decreased doses of Lis1 exhib-
ited disorganized cortical layers, hippocampus, and ol-
factory bulb due to cell-autonomous neuronal migrationSummary
defects (Hirotsune et al., 1998) and are a good model
for the human disorder. Complete loss of LIS1 resultsMutations in mammalian Lis1 (Pafah1b1) result in neu-
in peri-implantation lethality.ronal migration defects. Several lines of evidence sug-
Recent studies have uncovered some aspects ofgest that LIS1 participates in pathways regulating mi-
LIS1-mediated pathways. Nonmammalian homologs ofcrotubule function, but the molecular mechanisms are
the catalytic subunits of PAFAH1B have been identifiedunknown. Here, we demonstrate that LIS1 directly in-
only in Drosophila, but these do not appear to possessteracts with the cytoplasmic dynein heavy chain
PAFAH catalytic activity (Sheffield et al., 2000), sug-(CDHC) and NUDEL, a murine homolog of the Aspergil-
gesting that the PAFAH1B function of LIS1 is a mamma-lus nidulans nuclear migration mutant NudE. LIS1 and
lian evolutionary adaptation. LIS1 is part of a highlyNUDEL colocalize predominantly at the centrosome
conserved evolutionary pathway that regulates nuclearin early neuroblasts but redistribute to axons in associ-
migration in fungi. In Aspergillus, the LIS1 protein, nudF,ation with retrograde dynein motor proteins. NUDEL
is part of a signaling pathway that regulates nuclearis phosphorylated by Cdk5/p35, a complex essential
migration along microtubules (Xiang et al., 1995). Otherfor neuronal migration. NUDEL and LIS1 regulate the
members of this pathway are nudA and nudG, homologsdistribution of CDHC along microtubules, and estab-
of heavy and light dynein chains, respectively; microtu-lish a direct functional link between LIS1, NUDEL, and
bules; and nudC, which regulates levels of NUDF in themicrotubule motors. These results suggest that LIS1
fungus (Chiu et al., 1997; Cunniff et al., 1997). LIS1/and NUDEL regulate CDHC activity during neuronal
NUDF interacts with NUDE in A. nidulans (Efimov andmigration and axonal retrograde transport in a Cdk5/
Morris, 2000). nudE was originally identified as a multi-p35-dependent fashion.
copy suppressor of the nudF nuclear migration mutant
(Efimov and Morris, 2000). In Drosophila, LIS1 geneti-Introduction
cally interacts with cytoplasmic dynein to regulate mi-
crotubule function and transport (Liu et al., 1999, 2000;
The analysis of mouse mutants or human disorders that
Swan et al., 1999). Recently, we found that mammalian
disrupt normal neuronal migration has provided insight LIS1 is in a complex with p150glued and the dynein
into molecular pathways guiding this process. For exam- intermediate chain (IC) that regulates stationary and mo-
ple, reeler mice display a migration defect characterized tile dynein motors (Smith et al., 2000). Thus, the LIS1
by complete inversion of cortical lamination and poor pathway first identified in Aspergillus is conserved
cerebellar development (reviewed in Goffinet, 1984; throughout evolution.
Rakic and Caviness, 1995). Reelin, the extracellular ma- These studies have uncovered some aspects of LIS1-
trix protein mutated in reeler mice (D’Arcangelo et al., mediated pathways, but several questions remain. First,
1995; Hirotsune et al., 1995), binds to the VLDL receptor/ it is not known if the entire conserved nud pathway
ApoE2 receptor (Trommsdorff et al., 1999) and via plays an important role in LIS1 function. Second, direct
mdab1 (Howell et al., 1997, 1999; Sheldon et al., 1997; biochemical interactions between mammalian LIS1 and
Trommsdorff et al., 1999) transduces the reelin signal other NUD proteins have not been demonstrated. Third,
into the cell. Mice deficient for either the serine/threo- the molecular interactions linking LIS1 to microtubules
nine kinase Cdk5 or its activator p35 display cortical have not been identified. Although LIS1 colocalizes and
inversion (Ohshima et al., 1996; Chae et al., 1997). How- interacts with p150glued and the dynein IC, these three
ever, it is unclear whether Cdk5 and p35 participate in proteins could be part of a large multiprotein complex
and not directly interact. Additionally, the relationship
between the LIS1 pathway and the reelin neuronal mi-‡ To whom correspondence should be addressed (e-mail: awynshaw
boris@ucsd.edu [A. W.-B.], shinjih@cocoa.ocn.ne.jp [S. H.]). gration pathway (Rice and Curran, 1999) or the Cdk5/
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p35 kinase complex in mammalian neuronal migration with multiple bands detected in the brain. NUDEL was
expressed in all regions of the adult central nervousis completely unknown.
To begin to address these questions, we used yeast system (Figure 1D). Developmentally, NUDEL expres-
sion was first detectable at E13.5, increased during de-two-hybrid analysis to identify proteins that directly in-
teract with LIS1. We identified two NUDE homologs that velopment to P5, and remained stable thereafter (Figure
1E). In vivo NUDEL interacted with LIS1, since LIS1 wasinteract with LIS1 in vitro and in vivo. Since these pro-
teins are homologs of NUDE, a multicopy suppressor immunoprecipitated with anti-NUDEL from brain lysates
(Figure 1F).of a mutant form of the LIS1 homolog NUDF in A. nidu-
lans, we performed a detailed biochemical and func-
tional analysis of one of these proteins, NUDEL. Nudel Is Coexpressed with Lis1
during Neuronal Development
In situ hybridization of mouse embryos as well as adultResults
brain was performed with antisense riboprobes to Nudel
and Lis1. In the developing cortex, we found that NudelIdentification of the NUDE Homologs that Interact
was expressed in mitotically dividing neuroblasts of thewith LIS1
ventricular zone as well as postmitotic migrating andIn yeast two-hybrid screens for proteins that interact
cortical plate neurons (Figure 2A). Lis1 was expressedwith full-length LIS1, we identified 157 positive colonies
in an overlapping pattern. Lis1 was first detectable infrom a human fetal brain cDNA library. Eighty-four
the developing cortex, and by E13.5 it was highly ex-clones were PAFAH1A2, one of two catalytic subunits
pressed in neuroblasts as well as postmitotic neuronsof the PAFAH complex, providing a positive control for
in cortical plate (Figure 2A), consistent with previousthe effectiveness of the two-hybrid screen. Forty-three
reports (Reiner et al., 1995). Overlapping patterns ofother clones coded for two distinct but similar tran-
expression of Nudel and Lis1 (Figure 2A) continuedscripts, and both transcripts were homologs of the A.
throughout cortical development (E13.5–P0). After com-nidulans nudE gene. We cloned full-length cDNAs of
pletion of neuronal migration, both genes were ex-these two genes from a mouse brain cDNA library. These
pressed at high levels in the cortex (Figure 2A). In thetwo genes encoded deduced proteins of 345 amino
cerebellum, neuronal proliferation and migration com-acids (GenBank AF290472) and 212 amino acids (Gen-
mence after birth. Lis1 and Nudel were highly expressedBank AF290473), respectively.
in the inwardly migrating granular cells and the out-Nudel (NudE-like) encodes a protein with a typical
wardly migrating Purkinje cells during migration and incoiled-coil structure (Lupas et al., 1991) at its N terminus
the adult (Figure 2B). Interestingly, expression of Lis1that displayed strong similarity to endoligopeptidase A
preceded Nudel (Figure 2B, P5), a tendency also ob-related protein (EOPARP) from the rabbit, NUDE, mp43,
served in the cortex (Figure 2A, E15.5). After maturationand ro11 (Figure 1A), as well as mNudE (Feng et al., 2000
(8 weeks [8W]), expression of these two genes was com-[this issue of Neuron]). EOP displays similarities to en-
pletely overlapping. In the adult, Nudel was expresseddoligopeptidases. As noted above, nudE was originally
in other part of the brains such as olfactory bulb (Figureidentified as a multicopy suppressor of the nudF nuclear
2C) and hippocampus (Figure 2D), similar to Lis1 (Reinermigration mutant, the A. nidulans homolog of LIS1 (Efi-
et al., 1995).mov and Morris, 2000). mp43 was originally isolated as
a mitotic phosphoprotein from Xenopus embryos that
is phosphorylated by Cdks in a cell cycle–dependent NUDEL and LIS1 Bind Cytoplasmic Dynein
Heavy Chainfashion (Stukenberg et al., 1997). ro11 is the gene for a
ropy mutant in Neurospora crassa, which exhibits a de- The LIS1/NudE nuclear migration pathway genetically
defined in A. nidulans contains the cytoplasmic dyneinfect of nuclear movement and distribution (Minke et al.,
1999). Thus, these mouse proteins are good candidates heavy chain (CDHC) and the dynein intermediate chain
(IC), but direct biochemical interactions have not beenfor participants in LIS1-dependent pathways.
Lis1 and Nudel were broadly expressed in similar, established in this or any other organism. Although we
demonstrated that mammalian LIS1 colocalizes withoverlapping patterns by Northern blot hybridization
analysis on RNA from adult tissues of the mouse (Figure and interacts with p150glued and the dynein IC in vivo
(Smith et al., 2000), direct interactions between these1B). The highest levels of expression of both mRNAs
were in brain, kidney, testis, and ovary, as well as a few proteins was not demonstrated. No microtubule-associ-
ated proteins were initially detected after repeatedother tissues. Two discrete Nudel bands were observed
in the testis, suggesting that Nudel was alternatively screening of the human fetal brain cDNA library with
LIS1. We hypothesized that the genetic and biochemicaltranscribed, spliced, or polyadenylated in this tissue. In
contrast, mNudE was preferentially expressed in the pathways regulated by LIS1 in mammals are conserved
in A. nidulans. Therefore, we produced a yeast two-ovary, and expression level was significantly lower com-
pared to Nudel in other tissues such as the brain. There- hybrid cDNA library from A. nidulans conjugated with
an activator domain. This library was screened using A.fore, we concentrated our analysis on Nudel.
Antibodies were produced to murine NUDEL, and the nidulans NUDF or NUDE as bait. Surprisingly, we iso-
lated the same clone containing the P1 loop domain ofexpression patterns of NUDEL and LIS1 were deter-
mined by Western blot analysis. While LIS1 was present the CDHC using both baits independently, suggesting
that NUDF and NUDE both interact with CDHC withinbroadly in adult tissues with highest levels in the brain
and testis, NUDEL was only detected in the brain and the this region (data not shown). In addition, we found that
NUDE contained an additional unique CDHC bindingtestis (Figure 1C). The NUDEL protein is heterogeneous,
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Figure 1. Sequence Comparison and Expression Profiles of Murine nudE Homologs
(A) Comparison of amino acid sequence of the coiled-coil domains of NUDEL and mNudE (Feng et al., 2000) with those of endoligopeptidase A
related protein (EOPARP) from rabbit, mp43 from Xenopus, NUDE from A. nidulans, and RO11 from N. crassa, displayed on the left. Dark or
gray amino acids are identical or conserved, respectively.
(B) Northern blot analysis of murine Nudel, mNudE, and Lis1. Poly-A enriched RNA was isolated from various tissues (top), and hybridization
probes are indicated at the left of each blot. G3PDH was used as a loading standard.
(C) Protein was isolated from various tissues (top), and Western analysis was performed with anti-LIS1 or NUDEL antibodies (left). The molecular
weights or NUDEL and LIS1 proteins are indicated on the right.
(D) NUDEL protein expression in several CNS regions of the adult (top).
(E) NUDEL protein expression in the brain during development.
(F) NUDEL was precipitated under nondenaturing conditions from brain lysates with anti-NUDEL antibody. Western analysis with an anti-LIS1
antibody demonstrated that NUDEL coimmunoprecipitated with endogenous LIS1 (right arrowhead).
site close to C-terminal end of the NUDE (data not proteins in directed yeast two-hybrid assays. A murine
full-length CDHC clone was isolated (S. Sasaki et al.,shown).
Based on this preliminary information from fungi, we submitted). Either the P1 loop domain or C-terminal do-
main of CDHC was conjugated with the activator do-examined these molecular interactions using mouse
Neuron
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Figure 2. Temporal and Spatial Expression of Nudel and Lis1 Examined by In Situ Hybridization
(A) Nudel and Lis1 expression in the cerebral cortex at different developmental ages, indicated at the top (E, embryonic day; P, postnatal
day; W, weeks). The upper and lower matched panels display Nudel and Lis1 expression, respectively.
(B) Nudel and Lis1 expression in the developing cerebellum at different ages indicated at the top. The upper and lower panels display Nudel
and Lis1 expression, respectively.
(C and D) In adult brain, Nudel was highly expressed in olfactory bulb (C) and hippocampus (D).
main, and full-length LIS1 or NUDEL was conjugated with the C-terminal domain of CDHC (Figures 3A and
3B), suggesting that protein interactions between LIS1,with the binding domain and the activator domains. Full-
length NUDEL interacted strongly with itself and LIS1 NUDEL, and CDHC identified in fungi were conserved
in the mouse.(Figure 3A), and LIS1 bound strongly to itself and NUDEL
(Figure 3B), suggesting that both proteins can homo- To determine the precise binding site of each protein,
we performed yeast two-hybrid assays using severaland heterodimerize. Both proteins interacted with the
P1 loop domain of CDHC, while only NUDEL interacted truncated NUDEL and LIS1 expression constructs. The
LIS1/NUDEL/Cytoplasmic Dynein Heavy Chain Complex
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coiled-coil domain of NUDEL (amino acids 56–166) We isolated murine Cdk5 and p35 from a murine brain
cDNA library and generated glutathione S-transferasebound with itself as well as LIS1 (Figure 3A). Curiously,
a distinct C-terminal region outside of the coiled-coil (GST) fusion proteins for these proteins, NUDEL, and
histone H1 as a positive control. NUDEL and histonedomain of NUDEL (amino acids 256–291) was found to
be critical for binding of NUDEL with the P1 loop domain H1 were specifically phosphorylated in the presence of
Cdk5 and p35 (Figure 4A), and phosphorylation of bothand C-terminal domain of CDHC (Figure 3A). This region
is also highly conserved between different species (Fig- proteins was specifically inhibited by the Cdk5 inhibitor
Roscovitine. Thus, NUDEL is an in vitro substrate forure 1A) and murine NUDE (data not shown). LIS1 binding
sites for other proteins could not be precisely deter- phosphorylation by Cdk5/p35. Phosphorylated NUDEL
was digested by two different proteases and separatedmined. Only proteins with small truncations from the N
terminus displayed any binding activity (Figure 3B). by two-dimensional extension. Six distinct phosphory-
lated spots were detected in both reactions, suggestingSince the 7 WD repeat covers almost the entire region
of LIS1 (Neer et al., 1994) except for the N-terminal multiple sites of NUDEL phosphorylation by Cdk5/p35
complex in vitro (Figure 4B).region, the integrity of these domains may be crucial for
normal LIS1 function or protein stability. A point muta-
tion in LIS1 corresponding to a mutation detected in Cellular Distribution of NUDEL Changes
human patients with lissencephaly (LoNigro et al., 1997) Dynamically during Neural Development
severely affected the interaction of LIS1 with itself, To further examine the significance of the interaction of
NUDEL, and CDHC (Figure 3B). LIS1 with NUDEL and CDHC, we examined the localiza-
In order to confirm this interaction biochemically, we tion of these proteins during neural development. In
extracted native microtubules from brain tissue lysates mitotically dividing neuroblasts or immature postmitotic
(CE, Figure 3C). After polymerization with Taxol, a signifi- neurons, the centrosome is an organizing center for
cant fraction of LIS1 and NUDEL copurified with the microtubules. Once neurons mature, the centrosome
tubulin-dynein fraction (P5) that contained the dynein undergoes morphological changes and participates in
IC. Although some of these three proteins were soluble axonal projections and dendrite formation (Baas, 1999).
after Taxol (S1, Figure 3C), all three remained stabily NUDEL was localized predominantly in a punctate, peri-
associated with microtubules during multiple pellet nuclear region consistent with the centrosome in the
washes (S2–S4) The dynein IC was released from the developing cortex of E15.5 embryonic brain (Figure 5A).
highly purified tubulin fraction (P5) by treatment with The punctate localization patterns of NUDEL and LIS1
Mg-ATP (S5). Similar amounts of LIS1 and NUDEL were were commonly observed from the ventricular zone to
also released from the P5 tubulin-dynein fraction by Mg- the cortical plate and colocalized with g-tubulin (Figure
ATP (Figure 3C), demonstrating that LIS1 and NUDEL 5B), suggesting that a portion of the LIS1/NUDEL com-
form a complex with cytoplasmic dynein motors on mi- plex is centrosomal. NUDEL and LIS1 were also de-
crotubules in the cell. tected in the neuronal cytoplasm at these stages. How-
We next examined these interactions using recombi- ever, by P5, the distribution pattern of NUDEL and LIS1
nant proteins in COS cells. GFP-tagged CDHC-expres- together began to shift to the axon, and, in the adult
sion plasmids were made to express the P1 loop do- cortex, it was specifically localized to the axon (Figures
main, tubulin binding domain, and C-terminal domain 5A and 5B). This is clearly seen when similar cortical
of CDHC (GFP-CDHC HindIII) or only the C-terminal do- sections were individually stained with anti-NUDEL and
main (GFP-CDHC XhoI). LIS1 and NUDEL were conju- anti-LIS1 antibodies (Figure 5B, bottom panel). This dy-
gated with His tags for identification after cotransfection namic change of distribution of the LIS1/NUDEL was
with GFP-tagged CDHCs. GFP-tagged full-length CDHC also observed during cerebellar development (data not
was specifically coimmunoprecipitated with both LIS1- shown). In other regions of the adult CNS, NUDEL was
His and NUDEL-His (Figure 3D). Furthermore, only present in the axons of the peripheral nervous system
NUDEL was coimmunoprecipitated with the P loop N-ter- such as the sciatic nerve (data not shown and see Fig-
minal portion of CDHC, while LIS1 was not (Figure 3D). ure 7).
Taken together, these results demonstrate that LIS1 and The shift of LIS1 and NUDEL distribution was recapitu-
NUDEL bind directly and specifically with CDHC in the lated in primary neuronal cell cultures. LIS1 and NUDEL
mouse. were predominantly present in a pattern surrounding the
centrosome when primary pyramidal cells were cultured
from E15.5 embryo brain (Figure 6). In culture, these
NUDEL Is an In Vitro Substrate of Cdk5/p35 neurons differentiated with sprouting of axons and den-
The mitotic phosphoprotein 43 (mp43), an ortholog of drites. The concentrated distribution of LIS1 and NUDEL
NUDE in Xenopus, was originally identified as a protein around the centrosome gradually disappeared, and both
recognized by the phosphoepitope antibody MPM-2 proteins accumulated in the axons (Figure 6). Three days
after establishment in culture, the initial centrosomal(Stukenberg et al., 1997). mp43 is phosphorylated in a
distribution of LIS1 and NUDEL was lost, and thesecell cycle–dependent fashion and is a potential sub-
proteins localized to the axon and soma.strate of Cdk serine/threonine kinases. In addition, the
NUDEL protein consists of multiple bands in the brain
(Figure 1C), consistent with posttranslational modifica- LIS1 and NUDEL Associate with Motor Proteins
tion by phosphorylation. These findings suggested that Involved in Retrograde Transport
NUDEL is a potential substrate of the Cdk5/p35, a serine/ Neurons contain long axons and dendrites that often
threonine kinase complex involved in neuronal mi- extend distances thousands of times greater than the
cell body diameter. A continuous flow of material mustgration.
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Figure 3. Interaction of NUDEL and LIS1 with CDHC
(A) Determination of the interaction domain of NUDEL with LIS1 and CDHC. Full-length and truncated Nudel cDNAs were conjugated with the
activator domain, and Lis1, Nudel, P1 loop domain, and C-terminal domain of CDHC were conjugated with binding domains for yeast two-
hybrid interaction analysis. LacZ activity of each combination was scored in a semiquantitative fashion on the right.
(B) Determination of the interaction domain of LIS1 with NUDEL and CDHC. Several truncated Lis1 cDNAs were conjugated with the activator
domain, while full-length Lis1, Nudel, the P1 loop domain and the C-terminal domain of CDHC were conjugated with binding domains and
lacZ activity was scored on the right. A point mutation seen in patients with lissencephaly was introduced into the C-terminal region and
tested.
(C) Cosedimentation study of CDHC with LIS1 and NUDEL. The taxol-treated insoluble microtubule fraction was collected by sedimentation
from brain lysates (P5), and cosedimented protein complexes were identified by Western blot using antibodies to LIS1, NUDEL, dynein IC,
and b-tubulin (left side). Fractions of total cell extracts (CE), the soluble nonpelleted fraction (S1), pellet washes (S2–S4), and proteins released
from the pellet by treatment with Mg-ATP (P5) are displayed at the top of the figure and described in Experimental Procedures.
(D) CDHC coimmunoprecipitated with LIS1 and NUDEL in vivo. Either His-tagged LIS1 or His-tagged NUDEL was transfected with either the
entire CDHC carrying both the P1 loop domain and C-terminal domain (GFP-CDHC-HindIII) or containing only the C-terminal domain of CDHC
(GFP-CDHC-Xho). Expression vectors transfected are indicated at the top, and antibodies used for immunoprecipitation or Western blot are
displayed at the bottom of the figure. Specific coimmunoprecipitation of His-tagged NUDEL was observed with both GFP-tagged CDHC
LIS1/NUDEL/Cytoplasmic Dynein Heavy Chain Complex
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Figure 4. In Vitro Phosphorylation of NUDEL by Cdk5/p35 Serine/Threonine Kinase
(A) Cdk5/p35-mediated phosphorylation of NUDEL and histone H1. The reaction mixture contents are indicated at the top. The four upper
lanes show the amount of each protein present in each reaction mixture. The bottom lane indicates phosphorylation of either NUDEL (left
side) or histone H1 (right side) in the reaction by incorporation of P32 radioactivity. Roscovitine was used as an inhibitor of Cdk5/p35.
(B) Two-dimensional tryptic-phosphopeptide map obtained from phosphorylated NUDEL in the presence of Cdk5/p35 in vitro. Arrows in the
x axes and y axes indicate the direction of electrophoretic separation and chromatographic separation, respectively. We used two different
peptidases and two diverse electrophoresis conditions.
be transported from the primary site of biosynthesis in a motor protein that moves anterogradely (KIF5C, Xia
et al., 1998) or retrogradely (dynein intermediate chainthe soma to peripheral regions of the neuron via a num-
ber of motor proteins that bind to microtubules. To ex- or IC) will accumulate at the proximal or proximal and
distal region to the ligation, respectively.amine the significance of LIS1 and NUDEL localization
in axons of adult nerves, and their interaction with the The orientation of the ligation study is shown at the
top of Figure 7. At the time of ligation, NUDEL and LIS1dynein complex, we analyzed protein distribution before
and after ligation of the sciatic nerve (Okada et al., 1995; were distributed uniformly along the axon (data not
shown). In contrast, 6 hr later, NUDEL accumulated atHanlon et al., 1997). Proteins associating in axons with
proteins (second panel from right), while His-tagged LIS1 was specifically coimmunoprecipitated only with the GFP-tagged CDHC carrying
P1 loop domain (right-most panel). Arrowheads indicate specific bands detected by each antibody.
Neuron
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Figure 5. Redistribution of LIS1 and NUDEL during Development
(A) NUDEL is present in a punctate pattern during development and redistributes to the axon in adult brain. E15.5, P5, and 8W brains were
fixed and sectioned, and the adjacent sections stained with hematoxalin and eosin (left) and NUDEL (right) were examined. The regions of
NUDEL staining are indicated in the histologically stained sections. An axon-specific marker, phosphorylated neurofilament (data not shown)
confirmed axonal localization.
(B) At E15.5, NUDEL (top, left) and LIS1 (top, center) were colocalized (top, merge) at the centrosome (arrowheads), demonstrated by the
colocalization (bottom, merge) of NUDEL (bottom, left) with g-tubulin (bottom, center). At 8 weeks after birth (8W), NUDEL (top, left) and LIS1
(top, center) were colocalized to the axon (top, right arrowheads). The axon-like localization pattern was evident when anti-NUDEL and anti-
LIS1/NUDEL/Cytoplasmic Dynein Heavy Chain Complex
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Figure 6. Redistribution of NUDEL and LIS1 in Primary Brain Cultured Neurons
Brain tissue was isolated from E15.5 embryos and plated. NUDEL and LIS1 moved from a centrosomal localization (arrowhead) to the axon
(arrowhead) and growth cone (arrow) over 3 days in culture.
both sides of the ligation (Figure 7A). A similar distribu- zygotes have half the brain level of LIS1 protein as wild
tion pattern was observed for LIS1 (Figure 7B) as well types, while Lis1 CKO/KO null/hypomorphic compound
as the dynein IC (Figure 7C). The dynein IC also interacts heterozygotes have further reduction in LIS1 levels (Fig-
with LIS1 (Smith et al., 2000), and the accumulation ure 8A). In contrast, NUDEL levels were unchanged in
pattern of the dynein IC should reflect the pattern of these Lis1 mutant brains (Figure 8A). Embryonic fibro-
distribution of the CDHC. KIF5C accumulated only at blasts from these Lis1 mutants display a progressive
the proximal side of the ligation, as expected (Figure mislocalization of CDHC and several proteins associ-
7D). We performed a similar experiment on Lis1 1/KO ated with CDHC function, such as LIS1 itself, NUDEL,
mice with similar results (data not shown), consistent and b-tubulin as LIS1 levels were reduced (Figure 8B).
with the notion that this assay measures steady state In wild-type cells, these proteins were localized diffusely
conditions of retrograde or anterograde transport. throughout the cell associated with microtubules. In
These data support the interpretation that NUDEL and cells from Lis1 null heterozygotes (1/KO) or Lis1 com-
LIS1 are associated with the minus end–directed dynein pound heterozygotes (CKO/KO), these proteins were
motor during retrograde transport. present progressively more closely around the nucleus.
In contrast, reduction of LIS1 resulted in a more diffuse
pattern of b-COP localization, a Golgi complex-associ-LIS1 and NUDEL Regulate the Cellular
ated protein. The change in distribution of NUDEL inLocalization of CDHC
fibroblasts from Lis1 mutant mice suggests that LIS1We hypothesized that LIS1 regulates the association of
functions to localize CDHC (with associated proteins)NUDEL to control CDHC motor activity and association
and regulate organelle transport in the cell, in agreementwith microtubules. If so, the reduction of LIS1 protein
with our published work (Smith et al., 2000).should result in the mislocalization of NUDEL, CDHC,
If NUDEL performs a similar function, then interfer-dynein motor–associated proteins, and cellular com-
ence with NUDEL function by transfecting cells withponents regulated by dynein transport. We employed
constructs expressing full-length or truncated NUDELembryonic fibroblasts from mice with progressively
proteins should result in a similar mislocalization patternreduced levels of LIS1, using the Lis1 null and hypomor-
of CDHC in the cell. Expression of full-length NUDEL inphic alleles (Hirotsune et al., 1998). Fibroblasts from Lis1
COS cells did not affect CDHC distribution (Figure 8C),null heterozygotes display 50% the amount of LIS1 as
wild-type cells (Smith et al., 2000). Lis1 1/KO null hetero- nor did an N-terminal NUDEL (1–256 amino acids [aa])
LIS1 antibodies were individually used on similar adult sections and detected with FITC-conjugated secondary antibodies (to insure that there
was no signal crossover from FITC and rhodamine channels in the double-labeled sections).
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Figure 7. Localization of LIS1, NUDEL, and
Dynein after Ligation of the Sciatic Nerve
The top figure shows the orientation of the
ligation study and the location of proximal
(left) and distal (right) regions relative to the
soma. Section of the ligated nerve were fixed
after 6 hr and subjected to immunohisto-
chemistry using the following antibodies:
anti-NUDEL (A), anti-LIS1 (B), anti-dynein IC
(C), and the anterograde motor protein KIF5C
(D). Panels on left and right show proximal
end and distal end of the ligation site, respec-
tively.
fragment (data not shown) that is capable of binding to Discussion
NUDEL and LIS1 (Figure 3). However, in support of our
model, expression of a C-terminal NUDEL fragment LIS1/NUDE Pathway Is Functionally Conserved
during Evolution(257–345 aa) that is capable of binding to the P1 loop and
C terminus of the CDHC resulted in a similar perinuclear We have identified NudE homologs as LIS1 interacting
proteins. Nudel is highly expressed in migrating neuronsredistribution of CDHC (Figure 8C) as observed in cells
with reduced levels of LIS1 (Figure 8B). in a similar pattern as Lis1. Surprisingly, LIS1 and NUDEL
LIS1/NUDEL/Cytoplasmic Dynein Heavy Chain Complex
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Figure 8. LIS1 and NUDEL Regulate CDHC
Localization
(A) LIS1 levels were progressively reduced in
mice with decreased doses of LIS1. Protein
lysates from wild-type (lane 1), Lis1 null het-
erozygous (lane 2), or Lis1 null/hypomorph
compound heterozygous (lane 3) brains were
examined for LIS1 (top) and NUDEL (middle)
levels. b-tubulin was used as a loading con-
trol (bottom).
(B) Distributions of LIS1 (red), NUDEL (green),
CDHC (green), b-COP (red), g-tubulin, and
b-tubulin were determined by immunohisto-
chemistry in fibroblasts from wild-type (1/1),
Lis1 null heterozygotes (1/KO) mice, and Lis1
null/hypomorph compound heterozygotes
(CKO/KO) with progressive reduction of LIS1.
(C) GFP-tagged expression constructs for
full-length (1–345 aa) or C-terminal NUDEL
(257–345 aa) were transfected into COS cells.
GFP-positive cells expressing these con-
structs (top row) were examined for CDHC
localization (bottom row) by immunohisto-
chemistry.
simultaneously interact with the CDHC, suggesting that independently (Niethammer et al., 2000 [this issue of
Neuron]). This group determined that NUDEL, like LIS1,these interactions are important in the regulation of the
dynein complex and microtubule function. NUDEL and regulates cytoplasmic dynein function, and is a sub-
strate of Cdk5. Furthermore, they demonstrated thatLIS1 exhibited a dynamic change in intracellular localiza-
tion during development. NUDEL is present predomi- inhibition of Cdk5-modified NUDEL distribution. A sec-
ond mouse nudE homolog that we cloned, mNudE, wasnantly at centrosomes during early developmental
stages, whereas it redistributes to axons in mature neu- isolated independently (Feng et al., 2000). NUDE has a
distinct pattern of distribution compared with NUDEL,rons. LIS1 is also present at these sites. This change
in distribution of LIS1 and NUDEL correlates with the but like NUDEL, mNudE is located with LIS1 and several
other proteins to the centrosome/microtubule organiz-localization of dynein and may participate in retrograde
axonal transport. NUDEL is an in vitro substrate of Cdk5/ ing center. Misexpression of the fragment of mNudE
that binds LIS1 in Xenopus embryos resulted in defectsp35, suggesting that the LIS1 pathway is regulated by
this kinase complex also known to be critical for mam- in the architecture and lamination of the central nervous
system. Thus, two separate mouse NUDE homologs in-malian neuronal migration. LIS1 and NUDEL regulate
the cellular distribution of the CDHC and may regulate teract with LIS1 at the centrosome.
The LIS1/NudE pathway is remarkably conserved inCDHC motor function.
Similar results regarding NUDEL function were found eukaryotes. nudF is the LIS1 homolog in A. nidulans. In
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this filamentous fungi, the nuclei migrate through the the C-terminal region as well as a distinct binding site
in the P1 loop domain. This may provide an explanationcytoplasm toward the advancing hyphal tip as the fungal
colony grows. Observations on living fungi show that for the observation that overexpression of NUDE par-
tially rescues the nudF phenotype in A. nidulans, whilethe nuclei move apart after mitosis, then migrate in the
same direction at different rates towards the hyphal tip, NUDF cannot (Efimov and Morris, 2000). NUDE may be
partially interchangeable with LIS1 as a binding proteinresulting in a relatively even distribution of nuclei along
the mycelium (Suelmann et al., 1997). Both nudE and of the P1 loop domain. At high concentration, perhaps
NUDE can perform some of the LIS1 functions lackingnudF are nuclear migration mutants characterized by
strikingly uneven distribution of nuclei along the myce- in the nudF mutant, such as binding to the P1 loop
region of CDHC. Similar cellular localization patterns inlium. The nudE gene was originally identified as a
multicopy suppressor of a nudF mutant. Overexpression the cell and dynamic changes during neural develop-
ment strongly suggests that these two proteins are play-of NUDE also suppresses the nudF mutant phenotype
(Efimov and Morris, 2000). In contrast, NUDF cannot ing a crucial role in normal CDHC function. CDHC is a
minus end–directed motor protein. Therefore, CDHC hassuppress the nudE phenotype. These observations sug-
gest that NUDE and NUDF are functionally related, and a tendency to assemble to centrosomes when neuronal
stem cells are mitotically active. After neuronal differen-nudE is genetically downstream of nudF. In N. crassa,
similar mutants are reported and termed ropy (ro) be- tiation, the neuronal cell becomes postmitotic and ex-
tends axons and CDHC is distributed throughout thecause the hyphae resemble intertwined rope strands.
RO-11 is the homolog of nudE in N. crassa (Minke et axon. Meanwhile, the neuron loses mitotic potential, and
the centrosome changes its location in the cell (Baas,al., 1999).
The process of nuclear migration in fungi is strikingly 1999). The distribution of LIS1 and NUDEL mirrors the
redistribution of CDHC localization in developing neu-similar to neuronal migration in mammals. Migrating
neurons initially extend leading process along radial glial rons in culture or in vivo.
The sciatic nerve ligation study supports a functionalfibers. After completion of this process, the nucleus of
the migrating neurons must relocate their position from interaction among these proteins. In the axon, CDHC
takes part in retrograde transport. After ligation of thetheir birth place to their final destination in the nervous
system. LIS1 is required for mammalian neuronal migra- sciatic nerve, NUDEL and LIS1 accumulated at both
sides of the ligation. This change in distribution wastion in a dosage-sensitive manner (Hirotsune et al.,
1998). Therefore, it is not surprising that the same molec- consistent with the distribution of dynein IC (and by
inference, CDHC), indicating NUDEL and LIS1 associateular mechanism utilizing NUDEL, NUDE, and LIS1 may
underlie both processes. with the dynein motor during retrograde transport. In
addition, LIS1 and NUDEL regulate the cellular distribu-
tion of the CDHC and components regulated by CDHCLIS1 and NUDEL Bind and Potentially
function. Reduction of LIS1 leads to mislocalization ofRegulate CDHC
NUDEL, CDHC, b-tubulin, and the Golgi complex (FigureThe cytoplasmic dynein heavy chain (CDHC) was origi-
8B). These results are similar to those in our previousnally identified as a minus end–directed motor protein
study (Smith et al., 2000). Overexpression of a dominantthat displayed similar characteristics with axonemal
interfering form of NUDEL has a similar effect on CDHCdynein (Paschal and Vallee, 1987). There are several
distribution (Figure 8C). Although we found that full-distinct isoforms of axonemal dynein, but only a single
length NUDEL had no effect on CDHC localization (Fig-CDHC is thought to be present in the majority of organ-
ure 8C), Niethammer et al. (2000) found that overex-isms. CDHC has been implicated in a variety of intracel-
pression of NUDEL did affect the cellular distribution oflular motility functions, including retrograde axonemal
dynein. Our groups may not have achieved the sametransport, protein sorting between the apical and baso-
level of expression of NUDEL. Taken together, theselateral surfaces, the distribution of endosomes, lyso-
data strongly suggest that LIS1 and NUDEL regulatesomes, and Golgi apparatus, and chromosome move-
CDHC localization and motor function.ment during mitosis (Porter and Johnson, 1989; Vallee
and Shpetner, 1990). A growing body of evidence sug-
gests that CDHC provides motility energy for redistribu- NUDEL Is a Target of Cdk5/p35
Cdk5/p35 is an important regulator of neuronal migra-tion of the nucleus during nuclear migration (Morris,
2000) and may play a role in neuronal migration (Morris tion. While Cdk5 is relatively broadly expressed, it re-
quires a specific activator such as p35 for kinase activa-et al., 1998; Vallee et al., 2000). The nudA mutant in A.
nidulans is CDHC (Xiang et al., 1994), and the nudF tion. Mice deficient for either Cdk5 or p35 exhibit
neuronal migration defects characterized by disorga-mutant exhibits a similar phenotype with that of nudA.
Furthermore, nudF and nudA mutations are mutually nized cortical layers (Ohshima et al., 1996; Chae et al.,
1997). Numerous studies have identified potential Cdk5/suppressive (Willins et al., 1997), providing genetic evi-
dence that nudF and nudA lie on the same functional p35 substrates such as microtubule-associated protein
tau, high and middle molecular weight neurofilamentpathways. These results demonstrate that NUDF (LIS1),
NUDE, and NUDA (CDHC) proteins are in the same ge- proteins (NF-H, M), and synapsin I (Paudel et al., 1993;
Qi et al., 1998; Sharma et al., 1998). However, there isnetic pathway, but biochemical confirmation of their re-
lationship had not been demonstrated. no evidence that these proteins directly participate in
neuronal migration.Here, we provide this biochemical link, since LIS1 and
NUDEL directly interact with CDHC. LIS1 specifically Here, we have demonstrated that NUDEL is a good
in vitro substrate of the Cdk5/p35 kinase on multiplebinds the P1 loop domain of CDHC, while NUDEL binds
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sites. These data agree with those of Niethammer et al. the ventricular zone of Lis1 mutants is disrupted, and
that embryonic fibroblasts from Lis1 mutants have slow(2000), who found three Cdk5/p35 sites on NUDEL in
vivo. They also found that inhibition of Cdk5 activity doubling times (unpublished data). The localization of
the LIS1/NUDEL/CDHC complex to centrosomes in pro-genetically or with Roscovitine alters NUDEL localization
and its association with the dynein complex. Presum- liferating cells supports a role for this complex in these
proliferative functions.ably, modification of NUDEL by Cdk5/p35 phosphoryla-
tion changes its affinity for other proteins such as LIS1 A potential role for this complex can also be postu-
lated in cell survival and/or degeneration. Recently,and CDHC and could participate in the regulation of
CDHC activity or motility. These observations provide Cdk5 was shown to be constitutively activated by p25, a
stable activator of Cdk5 in the brain of Alzheimer diseasean important link between the LIS1 pathway and Cdk5/
p35 and may provide the molecular mechanism for the (Patrick et al., 1999; Lee et al., 2000). In the neurons
of an Alzheimer patient, neuronal function deterioratesinvolvement of Cdk5/p35 in neuronal migration.
prior to degeneration. It is tempting to speculate that
LIS1/NUDEL/CDHC pathway may be a target of the ac-A Novel Pathway Involved in Several
tive kinase during neurodegeneration in Alzheimer dis-Potential LIS1 Functions
ease. For example, hyperphosphorylated NUDEL mayOur work provides strong evidence that LIS1, NUDEL,
not be able to perform its normal function with LIS1 asand the CDHC form a complex in the brain and cells,
a regulator of CDHC, resulting in functional impairmentand we can propose a model for the function of these
of axonal transport, which could be a precursor tocomponents. CDHC slides on the tubulin track as a
changes responsible for neurological impairment in thisminus end–directed motor. We have previously shown
devastating disease. In support of this, we have recentlythat LIS1 participates in the dynein-mediated retrograde
discovered that Lis1 mutant mice display evidence oftransport of organelles toward the nucleus and the
degeneration and apoptosis (our unpublished data).transport of microtubules toward the periphery of the
Thus, the LIS1/NUDEL/CDHC complex may be essen-cell (Smith et al., 2000). LIS1 is required for the proper
tial for many diverse functions, including neuronal mi-distribution of NUDEL and cellular components regu-
gration, retrograde transport, cellular proliferation, andlated by CDHC function. Using NUDEL fragments trans-
survival. Further experiments are in progress to pre-fected into COS cells, it appears that NUDEL performs
cisely determine the potential role of this novel complexa similar function. These data suggest that LIS1 and
in these important processes.NUDEL together regulate CDHC localization and dynein
motor function. The LIS1/NUDEL/CDHC complex ap-
Experimental Procedurespears to be involved in retrograde axonal transport in
the adult, as demonstrated by the sciatic nerve ligation
Identification of NudE Homologs
experiment. LIS1 and NUDEL appear to be localized Human full-length LIS1 cDNA was used as bait for yeast two-hybrid
to the centrosome in mitotically active cells and may screening of 7 3 106 yeast transformants from a human fetal brain
contribute to the organization of this organelle. CDHC library (Clontech). A BsmFI-EcoRI fragment from LIS1 cDNA was
cloned into Gal4BD (Clontech). Mouse full-length cDNAs to inter-is known to play an important function in centrosomal
acting clones were isolated from a brain cDNA library and se-organization (Baas, 1999), so the LIS1/NUDEL/CDHC
quenced by standard procedures. Protein structure was predictedcomplex may be important for the organization of the
from the deduced protein sequence using Macstripe (Nevill-Manning
tubulin network in centrosomes. The localization of et al., 1998). GenBank searches identified several genes with significant
mNudE to the centrosome (Feng et al., 2000) suggests homology, including EOPARP from rabbit (AAB99905), mp43 from Xen-
a similar potential function for mNudE as well. opus (AAC60121), NudE from A. nidulans (AAC35556), and ro11 from
N. crassa (T03834).The establishment of appropriate positional guidance
cues is essential for normal neuronal migration. Once
Preparation of Antibodies against NUDELthe leading edge of the neuronal cell body migrates,
The Gly319-Met340 peptide was synthesized from the deduced aminoguided by the Reelin pathway (Rice and Curran, 1999),
acid sequence of Nudel and conjugated to the maleimide-activated
the soma must move to its final position in the cortex hemocyanin keyhole limpet (GIBCO). The antisera were produced
or cerebellum. This latter process appears to involve in New Zealand white rabbits and purified with Hitrap protein A
LIS1, and our data implicate NUDEL and CDHC in this column (Amersham Pharmacia).
process, by virtue of their biochemical, immunohisto-
Western Immunoblottingchemical and functional association with LIS1. As noted,
Various mouse tissues and cells were solubulized with lysis bufferthese interactions are likely mediated by phosphoryla-
(10mM Tris-HCl [pH 7.4], 5 mM EDTA, 140 mM NaCl, and 0.2%tion of NUDEL via Cdk5/p35.
Triton X-100) containing protease inhibitors (Boehringer Mannheim)This LIS1/NUDEL/CDHC complex may play important and centrifuged at 16,000 3 g for 30 min. Supernatants were sepa-
roles in other functions of LIS1, such as cell proliferation rated by SDS-PAGE, transferred to Immobilon PVDF membranes
and cell survival. We have shown that LIS1 dosage re- (Millipore), and immunoblotted with anti-NUDEL and anti-LIS1 anti-
bodies (Santa Cruz). After incubation with alkaline phosphatase-duction is associated with progressive thinning of the
conjugated secondary antibodies, membranes were stained withcortex, suggesting that LIS1 may be important for neu-
nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phos-ronal proliferation and survival (Hirotsune et al., 1998).
phate (BCIP).LIS1 overexpression results in mitotic defects and spin-
dle disorganization, and reduction of LIS1 by antibody
Coimmunoprecipitation of Native NUDEL and LIS1
injection results in chromosome loss from interference Tissue and cell lysates were incubated with anti-NUDEL antibodies
with spindle attachment (Faulkner et al., 2000). In addi- overnight by rotation. Following incubation, protein G–agarose
beads were added and mixed for 3 hr. The immune complexestion, we have demonstrated that proliferation of cells in
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bound to the beads were washed eight times with lysis buffer and (pellet P5) was resuspended in the same volume of the supernatant
with extraction buffer. An equal volume of the supernatant and pelleteluted with SDS sample buffer. The eluates from beads were sepa-
rated by SDS-PAGE, transferred to Immobilon PVDF membranes, aliquots were separated by SDS-PAGE and analyzed by Western
blot using antibodies to LIS1, NUDEL, dynein IC, and b-tubulin.and immunoblotted with anti-LIS1 antibodies.
In Situ Hybridization In Vitro Binding Assays and Immunocytochemistry
Digoxigenein (DIG)–labeled antisense and sense (control) ribo- Transfection of COS-7 cells was performed using Lipofectamine
probes were synthesized from linearized templates using the DIG (GIBCO-BRL). For the in vitro binding assay, COS-7 cells transiently
RNA labeling kit (Boehringer Mannheim). Adult mice were perfusion coexpressing His-tagged NUDEL and GFP-tagged CDHC or His-
fixed with 4% paraformaldehyde (PFA). Brains were immersed in tagged LIS1 were lysed and immunoprecipitated with anti-GFP anti-
fixative for 6 hr and embedded in Paraffin. Sections (5 mm) were body as described above (Clontech). Tagged NUDEL or LIS1 were
digested with 20 mg/ml proteinase K for 10 min. Hybridizations were produced by cloning the BclI-NotI fragment of Nudel into the
performed in 50% formamide, 43 SSC, 250 mg/ml yeast tRNA, 0.4% pcDNA3.1/His vector (Invitrogen) and the BsmFI-XbaI fragment of
Denhardt’s, 10% dextran sulfate, and 500 mg/ml herring sperm DNA LIS1 into the pcDNA3.1/His vector (Invitrogen). GFP-tagged CDHC
at 608C for 16 hr. Slides were washed in 50% formamide/23 SSC, was produced by cloning the HindIII-NotI fragment (1891 aa–4644
23 SSC, and 0.23 SSC at 608C. Probe hybridization was detected by aa) or the Xho-NotI fragment (2871 aa–4644 aa) of CDHC into the
alkaline phosphatase-conjugated anti-DIG F(ab9)2 antibodies after pGFP vector (Clontech). For immunocytochemistry, transfected
developing with the substrate solution containing BCIP and NBT. cells were fixed with 95% methanol at 48C for 15 min. The cells
As a control, no signal was detected using sense probes for either were stained with anti-CDHC antibody (Santa Cruz) to detect endog-
Lis1 or Nudel (data not shown). enous CDHC.
Yeast Two-Hybrid System Using Libraries from A. nidulans
Recombinant Cdk5, p35, and NUDELmRNA was extracted from A. nidulans using Trizol (GIBCO-BRL).
Cdk5, p35, and NUDEL were cloned into pGEX-4T for expressionPoly-A mRNA was enriched by oligo-T latex (JSR). Poly-T and ran-
as GST (glutathione S-transferase) fusion proteins in bacteria. GST-dom primed cDNA was synthesized using the Superscript system
Cdk5, GST-p35, and GST-NUDEL, were individually expressed in E.(GIBCO-BRL) and cloned into l Ziplox (GIBCO-BRL) for cDNA
coli strain BL21 (DE3), purified from bacterial lysates by glutathionescreening and pB42AD for yeast two-hybrid screening (Clontech).
bead pulldown, eluted and purified by gel filtration on a TSK gelFragments of nudF and nudE cDNA were amplified by RT-PCR using
TOYOPEARL HW65s column (TOSOH, Japan).nudE (CGGGCCACCTCTTACGCATTTAGC and CTGGGCGGTTA
GAAGGCGTCACAC) or nudF primers (AGCCCGTGCGAAGAACCAA
GAT and AAGAAGCGCACGGATGAGACTGAG) and used to isolate
In Vitro Phosphorylation of NUDEL
full-length cDNA clones of nudF and nudE. cDNA fragments were
The phosphorylation of recombinant NUDEL by cdk5/p35 (1 mg/20
cloned into LexA vector to create a bait plasmid for screening the
ml reaction mixture) was done in the presence of 1 mM ATP, 2 mCi
A. nidulans yeast two-hybrid library. We screened 4 3 106 yeast
[32P]gATP, 1 mg GST-NUDEL, and kinase buffer (50 mM HEPES [pH
transformants using either nudE and nudF plasmids and character-
7.5], 10 mM MgCl2), protease inhibitor cocktail (Boehringer Mann-ized 200 positive clones.
hein), 50 mM NaF, 5 mM glycerophosphate, and 100 mM Na2VO3 for
10 min at 308C. Phosphorylated NUDEL was analyzed using thin
Yeast Two-Hybrid Analysis Using Murine Cytoplasmic layer chromatography (TLC). Cellulose precoated TLC plate (Merck
Dynein Heavy Chain Art.5716) were spotted with 2 ml of each sample and controls, and
Several truncated cDNAs of NUDEL or LIS1 were cloned into pLexA electrophoresis was performed with buffer A (1% [NH4]2CO3 [pH
(Clontech) to determine the binding site of each protein. For NUDEL, 8.9]) or buffer B (0.5 M formic acid, 1.3 M acetic acid [pH 1.9]) at 1
Bcl-NotI (1–345), SmaI-NotI (104–345), BglII-NotI (256–345), EcoRV- kV. The TLC was developed with 37.5% 2-Propanol, 25% Pyridine,
NotI (291–345), BclI-PstI (1–63), RsaI-RsaI (56–166), BclI-Tsp45I 7.5% Acetic Acid. The plates were dried and exposed to X-ray film.
(1–189), or BclI-BglII (1–256) fragments were cloned into pLexA vector.
For LIS1, BsmFI-XbaI (1–410), XhoI-XbaI (113–410), HindIII-XbaI
Immunohistochemistry(164–410), BsmFI-BamHI (1–314) fragments were cloned into pLexA,
Tissue specimens were quick frozen in liquid nitrogen and embed-as was a BsmFI-XbaI fragment mutated as an A to G transition
ded in O.C.T. Compound (Tissue Tek II, Miles Laboratories). Cryo-at nucleotide 446 (exon VI) using Quick-Change (Stratagene). In
sections were fixed in 100% acetone at 2208C. The anti-NUDELcontrast, the BsmFI-XbaI fragment of LIS1 (1–410), the BclI-NotI
antibodies were added to the sections and incubated at 48C over-fragment of NUDEL (1–345), and the Xho-NotI fragment (2871–4644)
night. After washing, the bound antibodies were detected by incuba-of CDHC carrying the C-terminal region or the HindIII-XbaI fragment
tion with FITC-conjugated secondary antibodies (Jackson Labora-(1891–2239) of CDHC were cloned into the pB42AD vector (Clon-
tories). As negative controls for anti-NUDEL immunostaining, PBS,tech). Transformation and measurement of lacZ activity were done
or preimmunized rabbit IgG was used instead of primary antibodies,using standard protocols.
and primary antibody was preabsorbed with recombinant NUDEL.
No specific signals were detected in either case (data not shown).Microtubule Sedimentation Assay
Microtubule sedimentation assays were carried out according to
the method of Paschal et al. (1994). Mouse brains were homogenized Primary Cell Culture
in extraction buffer (50 mM PIPES, 50 mM HEPES [pH 7.0], 2 mM Cerebral cortices from E15.5 embryos were dissociated with papain.
MgCl2, and 1 mM EDTA) containing a protease inhibitor cocktail and Cortical cells were plated on poly-D-lysine and laminin-coated glass
1 mM DTT. The homogenate was centrifuged at 100,000 3 g at 48C coverslips. Cells were maintained in DMEM (high glucose), supple-
for 30 min, and the supernatant was recovered (cytosolic extract mented with 5% FCS, 5% HS, transferrin, sodium selenate, proges-
CE). Taxol (20 mM) was added to the CE to polymerize microtubules terone, penicillin, streptomycin, and L-glutamine. For immunocyto-
for 10 min at 378C. The samples were underlaid with 10% sucrose chemistry using the anti-NUDEL antibody, cells were prepared as
solution and centrifuged at 40,000 3 g for 30 min at 358C (superna- described above.
tant S1). The resulting pellet was again resuspended in extraction
buffer containing taxol (20 mM) and centrifuged twice as described
above (supernatants S2 and S3). The pellet was extracted with 3 Sciatic Nerve Ligation Assay
Following published methods (Okada et al., 1995; Hanlon et al.,mM Mg-GTP for 15 min at 378C 10 min and then centrifuged at
40,000 3 g for 30 min at 258C (supernatant S4). Finally, the pellet 1997), the sciatic nerves of anesthetized mice were ligated with
surgical thread. At 6 hr, the ligated sciatic nerves were removedwas extracted with 10 mM Mg-ATP for 15 min at 378C, and then
centrifuged at 40,000 3 g for 30 min at 258C. Following centrifuga- with unligated control nerves from same animal. Tissue specimens
were prepared for immunohistochemistry as described above.tion, supernatants was collected (supernatant S5), and the pellet
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NUDEL Localization in Lis1 Mutant Cells Hirotsune, S., Takahara, T., Sasaki, N., Hirose, K., Yoshiki, A., Ohashi,
T., Kusakabe, M., Murakami, Y., Muramatsu, M., Watanabe, S., etFibroblasts from wild-type, Lis1 null heterozygotes (1/KO) mice,
and Lis1 null/hypomorph compound heterozygotes (CKO/KO) with al. (1995). The reeler gene encodes a protein with EGF-like motif
expressed by pioneer neurons. Nat. Genet. 10, 77–83.progressive reduction of LIS1 were fixed in methanol. Cells were
stained with antibodies to LIS1, NUDEL, CDHC (green), b-COP (red), Hirotsune, S., Fleck, M.W., Gambello, M.J., Bix, G.J., Chen, A., Clark,
g-tubulin (green), and b-tubulin (red) as described above. DAPI was G.D., Ledbetter, D.H., McBain, C.J., and Wynshaw-Boris, A. (1998).
used to localize the nucleus (blue). Graded reduction of Pafah1b1 (Lis1) activity results in neuronal mi-
gration defects and early embryonic lethality. Nat. Genet. 19,
Animal Studies 333–339.
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